D e s c r i p t i o n o f p l a t e s 9 t o 11
P late 9 F ig u r e 10. 'J e ts a m ', 5-0 kg. R eco n stru ctio n ( x 50 linear) of p re p itu ita ry region of brain. P ho to g rap h s of v e n tra l surface; w ith th e optic nerves, chiasm a an d tra c ts situ (1), and rem oved (2).
A , an terio r divisions; P , p o ster bulum .
ON, optic nerves. OC, o ptic chiasm a. OT, optic tra c ts. I l l , 3rd ventricle. su p rao p tic recess of 3rd ventricle. I n th e m odel, th e an terio r an d posterior divisions of th e nuclei are joined b y wires.
F ig u r e 11. A p p a ra tu s for long-period in tra c a ro tid a n d intrav en o u s infusions. A , co nstant speed m otor. B , red u ctio n gearing. O, m icrom eter screw. D , syringe containing th e te st solution.
E ,i nfusion needle. F , glass T-piece. syringe containing NaCl 0-85 % . H, sy containing th e sam e solution as D .
J, K , clam ps.
P late 10
F ig u r e 12. 'N ic k y ', 17 M ay 1945. A piece of cotton-w ool has been p u t behind th e carotid loops. M ost of th e injection an d infusion exp erim ents w ere m ade on th is anim al.
F ig u r e 13. 'P a t ', J u n e 1945. A piece of black p ap er has been p u t behind th e caro tid loops. T he effects of ty in g th e left in te rn a l caro tid a rte ry on th e responses to in tra c a ro tid injections of hy p erto n ic solutions of sodium chloride in th is anim al are illu stra te d in figure 26.
P late 11
F ig u r e 47. P h o to m icro g rap h s of 'J e ts a m 's ' su p raoptic nuclei. F ro n ta l sections 10/i th ic k ; haem ato x y lin a n d eosin. To show th e vesicles referred to in th e discussion. A , an terio r division of le ft; an d B , a n te rio r division of rig h t nucleus ( x 67-5). G, posterior division of left nucleus ( x 67-5). D , posterio r division of left nucleus ( x 315).
E. B. Verney
Glutinosin: a fungistatic m etabolic product of the mould M etarrhizium g lu tin o su m S. Pope B y P. W. B r i a n , P. J . C u r t i s a n d H . G . H e m m i n g Imperial Chemical Industries Limited, Butterwick Research Laboratories, Welwyn, Herts (Communicated by F. A. Freeth, F.R.S.-Received 20 May 1947) C ulture m ed ia on w hich th e fu n g u s Metarrhizium glutinosum h a s g ro w n are h ig h ly to x ic to o th e r fungi. T he fu n g u s grow s w ell on su ch s ta n d a rd sy n th e tic m ed ia as C zapek-D ox or R au lin -T hom , b u t use o f a cru d e g rad e o f glucose in s te a d o f p u re d e x tro se en co u rag es sp o ru la tio n a n d slig h tly increases th e fu n g ista tic a c tiv ity o f c u ltu re filtra te s. I t h as b een show n th a t y e a st e x tra c t, b io tin a n d a n e u rin su p p le m e n ts to a p u re d e x tro se m e d iu m p ro d u c e a sim ilar response.
I n a s tu d y of th e n a tu r e o f th e n itro g e n source in th e c u ltu re m e d iu m in re la tio n to p ro d u ctio n o f fu n g ista tic c u ltu re filtra te s, it h a s been fo u n d t h a t n itra te n itro g e n is v e ry effective for g ro w th of th e fu n g u s b u t n o t v e ry effective for p ro d u c tio n o f th e fu n g ista tic su b s ta n c e . In o rg an ic a m m o n iu m sa lts a re ineffective in b o th resp ects, b u t p e p to n e o r am m o n iu m ta r tr a te w ere fo u n d to be h ig h ly effective b o th for g ro w th a n d p ro d u c tio n o f th e fu n g ista tic substance.
T his su p e rio rity o f am m o n iu m ta r tr a te led to a n in v e s tig a tio n o f th e re la tio n b e tw e e n organic acids a n d a m m o n ia assim ilatio n . A d d itio n o f a v a rie ty o f org an ic acids, in c o n c e n tra tio n s o f 0*05 to 1*0%, to a n a m m o n iu m s u lp h a te m ed iu m , led to g re a t in creases in g ro w th a n d in p ro d u c tio n o f th e fu n g ista tic su b sta n c e . T hese acid s in clu d ed ta r ta r ic , m alic, su ccin ic, m alonic, oxalic, citric, acetic, glycollic, p y ru v ic , a sp a rtic a n d g lu ta m ic acids. T hese a cid s do n o t s tim u la te w h en a d d e d to a n itra te , a m in o -acid or p e p to n e m e d iu m . V ario u s p o ssible e x p la n a tio n s o f th is effect h a v e b e e n con sid ered , a n d it is su g g ested t h a t M . glutinosum is u n ab le, w h en n itro g e n is su p p lied as a n a m m o n iu m sa lt, to b re a k d ow n glucose to th e 3-, 4 -or 5-carbon acids w hich n o rm a lly e n te r in to th e tra n sfo rm a tio n s o f th e K re b s cycle. A c c o rd ingly, th is fu n g u s is u n a b le to assim ila te am m o n ia , w h ich is p ro b a b ly n o rm a lly , in fu n g i as in o th e r p la n ts, condensed w ith a -k eto acids, p ro d u c e d b y c a rb o h y d ra te d e g ra d a tio n , to fo rm co rresp o n d in g a-am ino-acid s. W h e n th e se acids, o r a cid s w h ich cou ld p ro b a b ly b e tra n sfo rm e d in to su ch acid s in th e cell, a re su p p lied in th e n u tr ie n t m ed iu m , g ro w th is a c c o rd in g ly increased.
T he a c tiv e fu n g ista tic m a te ria l, g lu tin o sin , c a n be e x tra c te d fro m c u ltu re filtra te s b y e x tra c tio n w ith e th e r, p e tro l-e th e r or benzene, th e la tte r bein g m o s t effectiv e; m o re effectiv e still is tr e a tm e n t o f th e c u ltu re filtra te w ith c h arco al follow ed b y e lu tio n o f th e c h a rc o a l w ith h o t benzene. O n e v a p o ra tio n o f th e so lv e n t a n d re c ry sta lliz a tio n o f th e resid u e fro m e th y l alcohol, g lu tin o sin is o b ta in e d in p u re c ry sta llin e fo rm ; a n a ly se s a n d m o le c u la r w e ig h t d e te rm in a tio n s in d ic a te t h a t g lu tin o sin h a s th e m o lecu lar fo rm u la C48H 60O16.
G lu tin o sin is h ig h ly to x ic to m a n y fu n g i b u t is m a rk e d ly sp ecific; g e rm in a tio n o f sp o res o f Botrytis allii in C zapek-D ox is in h ib ite d b y 0 8 /x g ./m l., b u t Trichoderma viride is n o t i n h ib ite d b y 5 0 //g ./m l. I t is a t m o st o n ly slig h tly to x ic to b a c te ria . A q u e o u s so lu tio n s a re re la tiv e ly sta b le , ev en w h en h e a te d , b u t are less sta b le w h en a lk a lin e th a n w h en acid .
A v o latile m etab o lic p ro d u c t o f Metarrhizium glutinosum causes a severe d e rm a titis ; th e d e rm a titic su b s ta n c e is e x tr a c te d b y th e sam e o rg an ic so lv e n ts as u se d for th e e x tr a c tio n o f g lu tin o sin , b u t it is n o t id e n tic a l w ith g lu tin o sin .
I n t r o d u c t i o n
Metarrhizium glutinosum S. Pope is a recently described species (Pope 1944) which has been isolated in the United States from deteriorated baled cotton and from Maryland soil. This fungus has been shown by Greathouse, Klemme & Barker (1942) to cause very rapid decomposition of cellulose; it will grow vigorously on cellulose, if the necessary mineral salts are present, without any additional source of carbon.
The genus Metarrhizium has been regarded as being typically parasitic on insects. The best known species, the green muscardine (M (Metsch.) Sorok.), has been widely used in experimental work on biological control of various insect pests of agricultural crops. Thom (1930) has pointed out that organisms apparently belonging to this genus are frequently isolated from soils under conditions suggesting that they must be capable of existing independently as saprophytes. M . glutinosum appears to be such a species, and the genus Metarrhizium must now be regarded as composed partly of entomophagous species and partly of saprophytes. M. gluti nosum has only been recorded from the two sources mentioned above, but, in view of Thom's remark concerning the frequency of isolation of Metarrhizium spp. from soil, it may be a commoner species than would at first seem to be the case.
In a preliminary account (Brian & McGowan 1946 ) a metabolic product of M. glutinosum toxic to other fungi has been described, for which the name glutinosin was proposed. The present paper describes, in greater detail, conditions affecting the production of glutinosin, methods of extraction of pure glutinosin from culture filtrates and its range of biological activity. E x p e r i m e n t a l m e t h o d s
Assays of fungistatic and bacteriostatic potency
For routine assays of fungistatic activity of culture filtrates, a spore germination test with conidia of Botrytis allii Munn. has been used. This has been described in detail previously (Brian & Hemming 1945) . Assays of bacteriostatic activity have been made by the conventional serial dilution technique in broth cultures. Where other special techniques have been used they are described in the text below.
Methods of culture
In experiments not involving extraction of the active material, cultures have either been on 30 ml. of medium in 100 ml. pyrex conical flasks or on 250 ml. of medium in glass 'Glaxo' culture vessels (Clayton, Hems, Robinson, Andrews & Hunwicke 1944) . In the case of experiments with 100 ml. flasks, the practice has been to set up a large number of flask cultures with each medium, five flasks being selected at random whenever an assay was required, the contents of the five flasks being bulked, the mycelium filtered off and a sample of the filtrate taken for assay. In experiments with 'Glaxo' culture vessels, six vessels were set up with each medium, samples of culture liquor taken periodically from each vessel with a sterile pipette and the samples from each set of six vessels bulked for assay.
For bulk production earthenware culture vessels, each holding 1 1. of medium, have been used.
All cultures have been incubated at 25° C in temperature-controlled incubator rooms.
Production of spores for inoculum Metarrhizium glutinosum sporulates slowly and sparsely on mineral salt-glucose media such as Czapek-Dox agar or Raulin-Thom agar. Sporulation is rather better on 2 % malt-extract agar or 5 % malt-extract agar. Sporulation is greatly improved by addition of yeast extract. The medium finally standardized for production of spores was 5 % malt-extract agar supplemented by 1 % ' Difco ' yeast extract; on this medium sporulation was abundant after 5 to 6 days' incubation at 25° C. Cultures were made in flat medicine bottles; spores were removed by adding a little sterile water to the bottle and rubbing the agar surface gently with a glass rod.
P r e l i m i n a r y e x p e r i m e n t s Cultures on 30 ml. lots of medium in 100 ml. pyrex flasks were set up on five standard media (Weindling, Czapek-Dox, Raulin-Thom, Cornsteep and PeptoneLemco-glucose). The composition of these media has been given elsewhere (Brian, Curtis & Hemming 1946) . A crude grade of glucose was used in all these media. Results of periodical assays of fungistatic and antibacterial activity are shown in table 1. The data given show the greatest dilutions inhibiting germination of Botrytis allii conidia (i.e. b .a . units/ml.), growth of Staphylococcus aureus (i.e. Staph, units/ml.) or Salmonella typhi (i.e. Salmonella units/ml.).
Growth was best on Czapek-Dox, less vigorous on Weindling and Raulin-Thom, but very poor on Cornsteep and Peptone-Lemco-glucose. The assay results show that Metarrhizium glutinosmn produces markedly fungistatic culture filtrates, particularly on Raulin-Thom, but that little, if any, antibacterial activity develops.
The superiority of Raulin-Thom over Czapek-Dox is also shown in table 2, where results are given for these two media adjusted to various pH values. The media were adjusted with caustic soda or hydrochloric acid to pH values of 3-0, 4*0, 5-0, 6-0 and 7-0 before autoclaving, but the pH changed considerably during autoclaving so that a range of pH 2-8 to 5-6 only was obtained. Crude glucose was again used in these media. Growth was noticeably inferior on media with initial pH below 4-0, and these same media also showed a rather slower development of fungistatic activity.
T a b l e 1 . F u n g i s t a t i c a n d a n t i b a c t e r i a l a c t i v i t y o f c u l t u r e f i l t r a t e s Staph, u n its/m l. On the basis of these promising results experimental work was undertaken (a) to investigate the possibility of securing a more favourable medium than Raulin-Thom and (6) to develop methods of extraction of the active fungistatic substance. These two lines of research were necessarily carried on simultaneously but are dealt with separately below. P. W. Brian, P. J. Curtis and H. G. Hemming G r o w t h -f a c t o r r e q u i r e m e n t s Certain anomalies in experimental results suggested that crude glucose (used in large batches for production purposes) was superior to pure dextrose for develop ment of fungistatic activity in culture filtrates. Brian (1946) has shown that this same impure grade of glucose was superior to pure dextrose as a constituent of media for production of gliotoxin by Penicillium This superiority in cultures of Metarrhizium glutinosum was confirmed by experiment (table 3 ) ; production of active culture filtrates was more rapid, and higher maximum assays were observed in both Raulin-Thom and Czapek-Dox media made up with crude glucose. More noticeable than the effects op activity of culture filtrates were the effects on growth and sporulation. Raulin-Thom medium produced largely sub merged mycelium; Czapek-Dox produced stout superficial felts sporulating very sparsely with pure dextrose but heavily with crude glucose. As a complete minor element mixture was added to all media it was considered that the impurity in crude glucose producing the effects on sporulation and activity of culture filtrates was most probably a vitamin or other growth factor. Accordingly supplements of the following substances, in the concentrations listed, were tested: Of these, yeast extract, peptone, marmite, aneurin and biotin produced marked stimulation of sporulation and small increases in fungistatic activity. M. glutinoswn thus appears to be partially heterotrophic for aneurin and biotin. For practical purposes, optimum concentrations of these growth substances were best introduced into the medium by use of crude glucose, and this was always done for production of glutinosin.
T h e s i g n i f i c a n c e o f t h e f o r m o f n i t r o g e n s u p p l i e d i n c u l t u r e m e d i a
The form in which nitrogen is supplied has been shown by previous investigations to have a profound effect on tjie growth of fungi and on the course of metabolism. Accordingly, an experiment was set up in which six different nitrogen sources were compared. For this purpose a basal medium of the following composition was used: The media were dispensed in 500 ml. lots in glass culture vessels. All media were adjusted to pH 5-0 before autoclaving. The results of periodical assays, pH measure ments (glass electrode) and final dry weight of mycelium are shown in table 4 .
The main conclusions to be drawn from these results are: (i) Media containing nitrogen as potassium or calcium nitrate (media N and CN) are superior to all others for production of fungus mycelium. On these media heavy, much-folded, confluent felts, with moderate sporulation, were produced. These were followed in effectiveness by medium T, containing peptone nitrogen; on this medium a non-sporulating, folded, confluent felt was produced. The media containing nitrogen as ammonium sulphate or ammonium nitrate (media AS and AN) produced very little mycelium; a superficial felt was not formed and most of the mycelium was submerged and fragmented. It is of interest to note that the medium containing nitrogen as ammonium nitrate behaved as an ammonium medium rather than as a nitrate medium. Medium A, containing nitrogen as ammonium tartrate, produced quite a heavy crop of mycelium in the form of a non-sporulating, little-folded, superficial felt. There is, therefore, a clear distinc tion between the media containing ammonium sulphate or ammonium nitrate and that containing ammonium tartrate. (ii) There is no consistent correlation between production of fungus mycelium and development of fungistatic activity in the culture filtrates. The nitrate media (N and CN) producing heavy mycelial felts and the inorganic ammonium salt media (AS and AN) producing little mycelium were all relatively ineffectiv production of fungistatic culture filtrates. The peptone medium ( and the ammonium tartrate medium (A) were outstandingly good in this respect. The difference between the ammonium tartrate medium and the other ammonia media is thus again very striking.
T a b l e 4 . D e v e l o p m e n t o f f u n g i s t a t i c a c t i v i t y , d r i f t o f p H a n d d r y w e i g h t O F M Y C ELIU M PR O D U C E D IN C U LTU R ES O F M e TA RR H IZIU M OLUTINOSUM ON M E D IA W IT H D IF F E R IN G N IT R O G E N SO
(iii) In nitrate media (N and CN) the culture filtrates steadily rise in pH whereas the ammonia and tryptone media show a more gradual downward trend. Again, the ammonium nitrate medium behaves like the other ammonia media rather than like the nitrate media. There is no correlation between the pH changes and development of fungistatic activity. S t i m u l a t i n g e f f e c t s o f o r g a n i c a c i d s i n a m m o n i a -n i t r o g e n m e d i a
The superiority of ammonium tartrate over ammonium sulphate as a nitrogencontaining constituent of media for development of fungistatic activity in cultures of M. glutinosum suggested that the tartrate radical must possess some special value. Accordingly, the effect of additions to an ammonium sulphate medium (H$) of tartaric acid and subsequently of other organic acids was investigated. The acids were added in concentrations of 0-05 to 1*0 %, and the media then adjusted to pH 4-0 with caustic potash before autoclaving. All experiments were carried out on 250 ml. lots of medium in 'Glaxo5 vessels. The organic acids used can be con veniently grouped as follows: {a) Diearboxylic aliphatic acids, ( b) tricarboxylic carboxylic aliphatic acids, ( d) amino-acids, (e) cyclic acids. The cussed in turn below.
(a) Dicarboxylic aliphatic acids
The results with tartaric (COOH.CHOH.CHOH.COOH), malic (COOH. CHOH. CH2. COOH), succinic (COOH.CH2.CH2.COOH), malonic (COOH.CH2.COOH) and oxalic (COOH. COOH) acids are summarized in tables 5 and 6. Each of these acids caused considerable changes in the course of metabolism, the main effects being (i) an increase in the dry weight of mycelium formed, (ii) an increase in the fungistatic activity of culture filtrates and (iii) an alteration in the pH drift of the medium.
The increase in dry weight of mycelium was accompanied by a change in the growth form. On the unsupplemented medium growth was sparse, submerged and particulate, in fact, was very similar in appearance to that obtained with most fungi in shaken cultures. Addition of the organic acids led to formation of a surface mycelium, a strong, confluent, superficial felt being formed with the higher con centrations of acid. The increases in amount of mycelium formed were in some cases (e.g. malonic acid) very large, but in all cases were clearly significant. The maximum increase in dry weight was in some cases obtained with less than 1 % of added acid, but where this was so, addition of further acid up to 1 % did not lead to a decrease in dry weight of mycelium formed.
The increases in fungistatic activity of culture filtrates were also very marked. There was evidence in some cases that the optimum concentration of added acid was below 1 %. For example, in the cases of oxalic and succinic acids the addition of 1 % acid produced results definitely inferior to certain lower concentrations. Thus the increased fungistatic activity of culture filtrates could not be directly correlated with increased amount of mycelium produced.
The culture filtrates from the unsupplemented medium showed a characteristic downward drift of pH. Addition of these dicarboxylic acids slowed down or pre vented this fall in pH or, in the case of the higher concentrations of malic and oxalic acids, substituted for it a rapid rise in pH. This effect was possibly in part due to a buffering effect, but in the cases where the pH rose rapidly, must have been due to an accumulation of hydroxyl ions resulting from assimilation of acid anions. The extent of the rise in pH can therefore be considered to be an indirect measure of the availability of the acids for purposes of assimilation.
Vol. 135. B. T a b l e 5 . E f f e c t o f a d d i t i o n o f d i c a r b o x y l i c a c i d s t o m e d i u m . 4 $ o n FU N G IST A T IC A CTIV ITY AND p H OF C U LTU R E F IL T R A T E S FROM
GLUTINOSUM a c id s u p p le m e n t % a c id s u p p le m e n t % o rg a n ic T a b l e 6 . P e r c e n t a g e i n c r e a s e i n d r y w e i g h t o f m y c e l i u m p r o d u c e d b y
o rg a n ic a c id s u p p l e m e n t % a c id s u p p l e m e n t d a y s g r o w th Citric acid produced increases in fungistatic activity of culture filtrates and in weight of mycelium produced and, in the higher concentrations, arrested the fall in pH of the medium. Its effects were therefore in all ways similar to those of the dicarboxylic acids already mentioned.
T a b l e 7 . E f f e c t o f a d d i t i o n o f c i t r i c a c i d t o m e d i u m . 4 $ o n f u n g i s t a t i c A C TIV ITY AND p H O F C U L T U R E F IL T R A T E S A N D ON D R Y W E IG H T OF M Y C EL IU M PR O D U C E D IN C U L T U R E S O F M e T A R R H IZ IU M GLUTINOSUM
a c id s u p p l e m e n t % a c id s u p p l e m e n t % The results with acetic (CH3.COOH), propionic (CH3.CH2.COOH), glycollic (CH2OH.COOH) and pyruvic (CH3.CO.COOH) acids are presented in tables 8 and 9. In preliminary experiments, the monocarboxylic acids were found to be toxic. Other investigators (e.g. Hoffman, Schweitzer & Dalby 1941) have shown that it is the undissociated molecule wT hich is mainly responsible for toxicity. Accordingly, in addition to the experiments at pH 4-0, which gave a direct com parison with the experiments with dicarboxylic acids, the experiments were repeated (except in the case of pyruvic acid) at pH 6-5, under which conditions the acids would be almost completely dissociated.
None of the concentrations of acetic acid tested allowed growth in the medium of initial pH 4-0. At pH 6-5 the fungistatic activity of culture filtrates was greatly increased by 0T % acetic acid, and the weight of mycelium formed was increased progressively as the concentration of added acetic acid was increased. The pH effects were similar to those observed with some of the dicarboxylic acids.
Propionic acid did not lead to increase in fungistatic activity of culture filtrates. This was probably associated with the fact that even at pH 6-5 it greatly reduced the vigour of growth. It is worthy of note that, though it decreased the weight of mycelium produced at pH 6-5, its addition to medium did result in changing the form of growth from the submerged type to the surface type, though only islands of growth were produced which did not coalesce to form a confluent felt.
Glycollic acid was not toxic and, both at pH 4-0 and 6-5, led to an increase in fungistatic activity of culture filtrates, an increase in dry weight of mycelium formed and formation of a confluent surface felt of mycelium. Thus in all respects it behaved like the dicarboxylic acids.
The result with pyruvic acid was of particular interest. A concentration of TO % was highly toxic (at pH [3] [4] [5] and no growth took place. At 0-5 % it was still glycollic  20  117  183  217  234  256  71  116  242  96  131  pyru v ic  20  -1 3  28  91  281 -8 6 toxic; growth was initially very slow, and after 8 days only very slight growth was observed. Growth then became very rapid, a thick superficial felt was formed and the activity of the culture filtrate rapidly surpassed that of all other media. At 0*2 5 % pyruvic acid and below that concentration, though the activity of the culture filtrate was superior to that of unsupplemented medium all mycelium was of the submerged type. T a b l e 1 1 . P e r c e n t a g e i n c r e a s e i n d It is of interest here to compare the results with the unsupplemented medium AS at pH 4-0 and 6-5. At the high initial pH more mycelium was formed (the average increase for the three experiments was 25 %) and rather higher assays were obtained, but growth in both cases was of the submerged type.
8-2 T a b l e 8 . E f f e c t o f a d d i t i o n o f m o n o c a r b o x y l i c a c i d s t o m e d i u m o n FU N G IST A T IC A C T IV IT Y AND p H OF C U L T U R E FIL T R A T E S FROM M E T A R R H IZ IU
glycine 4 2 4 4 2 4 3-9 4-2 4-5 4-5 4-5 8 6 8 32 96 48 2-9 3-2 3-3 3-5 6-0 12 8 16 16 32 32 3-2 3-4 3-6 3-8 6-3 16 16 24 48 64 64 3-2 3-4 3-6 4-2 7-
8-3 (d) Amino-acids
Results with glycine (CH2.NH2.COOH), dZ-alanine (CH3.CHNH2.COOH), dZ-aspartic acid (COOH.CH2.CHNH2.COOH) and Z-glutamic acid (COOH. CH2. CH2. CHNH2. COOH) are given in tables 10 and 11. All except alanine produced increases in activity and increased weights of mycelium. The effects produced by glycine and glutamic acid were relatively small; aspartic acid was by far the most effective. The failure of alanine to stimulate is surprising, since the corresponding keto-acid-pyruvic acid-was quite effective.
(e) Cyclic acids Benzoic and salicylic acids were tried as supplements to the medium but were found to be too toxic, either completely preventing growth or reducing it to negligible proportions whether the initial pH was adjusted to 4-0 or 6-5. A hetero cyclic dicarboxylic acid, meconic acid, related in structure to the mould metabolic product kojic acid, was not toxic to M. was completely without effect on the course of metabolism.
Discussion
Considering the results so far it appears that addition of various aliphatic acids, monocarboxylic, dicarboxylic or tricarboxylic, to medium A/8 results in greatly enhanced growth of M. glutinosum, alters the growth form and greatly increases the fungistatic activity of culture filtrates. Acids of chain length from 2 to 5 carbon atoms have been found to be effective, though there appears to be a general tendency for those of shorter chain lengths to be most effective. In the develop ment of a medium for mass production of glutinosin, choice would fall on one of the dicarboxylic acids, since these are less liable to be toxic at low pH than the mono carboxylic acids and less costly than the amino-acids. Further experimental work concerning the mechanism of the stimulatory action of these organic acids is described in the next sections. In table 12 results are given of an experiment in which medium AS was made up with a variety of alternative carbon sources (5 %) with and without a 0*5 % malic acid supplement. The carbon sources used included polysaccharides, disaccharides, monosaccharides and glycerol. It will be seen that none of the carbon sources gave good results alone, and that addition of malic acid increased fungistatic activity in each case. Without malic acid all growth was of the sparse, submerged type, whereas good superficial felts were formed with malic acid. Starch, dextrins and lactose in combination with malic acid were inferior to other carbon sources for production of fungistatic material, and growth on all lactose media was noticeably poor. 
T a b l e 1 2 . C o m p a r i s o n o f v a r i o u s c a r b o n s o u r c e s , w i t h a n d w i t h o u t m a l i c ACID S U P P L E M E N T , IN AN AM M ONIUM SU L P H A T E M E D IU M , ON F U N G IS T A T IC A CT IV IT Y AND pH IN C U L T U R E S O F M E T A R R H IZ IU M GLUTINOSUM

T h e m e c h a n i s m o f s t i m u l a t i o n b y o r g a n i c a c i d s
In cases described in the previous sections maximum fungistatic activity has usually been observed under conditions of maximum growth. There were occasional exceptions; with oxalic acid, for instance, maximum fungistatic activity was achieved by addition of 0-1 % oxalic acid, whereas maximum growth was obtained with 0-5 or 1 % oxalic acid. In general, however, we shall be justified in treating the stimulatory effect of organic acids on growth and on development of fungistatic activity in culture filtrates as different aspects of the same basic phenomenon.
Four possible explanations of the stimulatory effect of these organic acids may be suggested:
(i) that the organic acids are superior to sugars, polysaccharides or glycerol as carbon sources, or that there is a deficiency of carbon source in the 5 % glucose medium which their addition removes;
(ii) that the fungus needs for purposes of metabolism a short carbon chain, in which case other substances than acids should be suitable; (iii) that their effect on pH drift is responsible; (iv) that the organic acids play an integral part in nitrogen metabolism. These possibilities are considered in turn below.
Comparison with glucose as carbon source Cultures of M. glutinosum were set up in 100 ml. flasks on medium AS salts, with malic acid or glucose as carbon source, or with combinations of the two, all being adjusted to pH 4* 0. Results of assays and pH determinations are given in table 13. Growth without a carbon source was negligible. With malic acid a very thin sporulating surface felt was formed, and with glucose the usual non-sporulating submerged mycelium. The combination of malic acid and glucose, on the other hand, supported vigorous surface growth. The fungistatic activity of culture filtrates followed the amount of growth closely. Thus it is the combination of glucose and organic acid as carbon source which is effective. P. W. Brian, P. J. Curtis and H. G. Hemming In another experiment in which glucose concentrations of 2-5 to 10-0 % were used, alone and in combination with malic acid, it was found that alteration of the con centration of glucose had little effect either on fungistatic activity of culture filtrates or on growth form. It did have some effect on the weight of mycelium produced, 2-5 % glucose being noticeably inferior in this respect to the higher con centrations. This experiment confirms the conclusion that it is the combination of organic acid and glucose (or other suitable carbon source) that is essential to the development of high fungistatic activity and vigorous growth.
Comparison with other substances with a short carbon chain Acetone (CH3.CO.CH3), ethyl alcohol (CH3.CH2.OH) and glycerol (CH2OH. CHOH. CH2OH) have been tested as supplements to medium AS in concentrations between 0-05 and 1-0 %. Though none of these was toxic, none, on the other hand, caused any growth stimulation, change in growth form or increase in fungistatic activity. Of these substances we have definite evidence that glycerol is readily metabolized by M. glutinosum but unlike the acids with a similar number of carbon atoms (e.g. malonic) it caused no stimulation under these conditions. It therefore appears most probable that it is carboxylic acids that cause this specific type of stimulation rather than any metabolizable compounds of short chain length. Similarly, esters are not effective and the carboxyl group must therefore be considered to be essential.
Effect on pH drift
All the organic acid supplements, at the higher concentrations at least, affected the pH drift. This took the form either of slowing down or preventing the normal fall in pH of medium A# or, in some cases, of substituting for the slow fall in pH a rapid rise to pH 8-0 or thereabouts. It might be supposed that these changed pH relationships might account for the better growth and higher fungistatic activity of culture filtrates. A close inspection of the data already presented will show that, whereas there is certainly a close correlation between a change in the pH drift, increases in amount of mycelium formed and increase in fungistatic activity of culture filtrates, the relation between these cannot be considered to be causal as each of these three factors tends to move to some extent independently. In table 4 comparison of medium A (ammonium tartrate) and medium A S (ammonium sulphate) shows that the presence of tartrate led to great increases in growth and fungistatic activity without change in pH drift. Similar results are obtained (table 5) with additions of 0T % malonic or oxalic acids to medium A/S'. A more likely explanation of the general relationship between pH, growth and develop ment of fungistatic activity is that both growth and production of fungistatic material depend on utilization of the organic acid, and any large utilization of organic acid is bound to result in accumulation of excess hydroxyl ions and hence to an increase in pH. Assimilation of small quantities of acid would not affect the pH as this would be masked by the buffering action of the medium. Though this may explain the basic relations between these three processes it should not be supposed that there are not other interactions between pH and organic acid utilization. This is shown by the following experiment.
Medium A/8 and AS with TO % malic acid added were adjusted to initial pH 4-0, 5-0 and 6-5 with KOH and HC1. Results of assays, pH measurements and growth measurements are shown in table 14. These results show a series of interesting relationships. With increasing initial pH the weight of mycelium increases both in the series without malic acid and that with malic acid. The increases in weight produced by adjusting the initial pH to a high value in the series without malic acid are small compared with the effect of adding malic acid. Growth in all media without malic acid was of the submerged type.
Increasing initial pH in the series without malic acid led to small increases in fungistatic activity of culture filtrates, but in the series with malic acid fungistatic activity fell from a very high level in the medium with initial pH 4-0 to a level similar to that of the media without malic acid when the initial pH was raised to pH 6-5. The pH drifts show points of interest; in the media with no malic acid the pH fell to much the same low level whatever the starting pH. Addition of mafic acid to the medium at initial pH 4-0 led, as usual, to a rapid upward trend in pH. Where the medium was adjusted to pH 5-0, the upward trend was delayed, and with initial pH 6-5 no great rise in pH took place. This experiment, with slight modifications, has been repeated three times with almost identical results.
There is obviously, therefore, a complicated series of relationships between nitrogen metabolism, presence of organic acids, pH, type and amount of growth and development of fungistatic activity, the explanation of which will require much more exact physiological investigation. Nevertheless, it may be concluded that, although pH relationships are important, the stimulating effects of malic and other organic acids on growth are not directly due to their effects on the pH drifts within the medium. Assimilation of ammonia by condensation with organic acids There is abundant evidence (Chibnall 1939 ) that in the higher plants nitrogen metabolism and organic acid metabolism are closely interrelated. Further, the organic acid metabolism has been shown by Vickery, Puchner, Wakeman & Leavenworth (1940) to be greatly influenced by the form in which nitrogen is supplied, organic acids rapidly disappearing if nitrate is replaced by ammonia nitrogen. It appears that, in general, ammonium salts do not accumulate in plants, as they are toxic, and that absorption of ammonia ceases unless ammonia can be rapidly combined in other forms. The usual first stage in ammonia metabolism is believed to be condensation of ammonia with a-ketonic acids (i2.C0 .C0 0 H) to form the corresponding a-amino-acids (R. CHNH2. CO OH). A special and im portant case of this type of reaction is the condensation of ammonia with the ketonic acids oxaloacetic acid (COOH.CO.CH2.COOH) and a-ketoglutaric acid (COOH.CO.CH2.CH2.COOH), forming the amino-acids aspartic acid (COOH. CHNH2.CH2. COOH) and glutamic acid (COOH. CHNH2. CH2. CH2. COOH) respectively. These two condensations have special significance in that by a process of transamination aspartic and glutamic acids can transfer their amino-groups to a-keto-acids, being themselves transformed back to the parent oxaloacetic and a-ketoglutaric acids. These two acids can therefore act as reservoirs of nitrogen, storing up ammonia as amino-nitrogen until it is required for amino-acid synthesis. This storage function is increased by the fact that if excess ammonia is present a further molecule of ammonia can be condensed with aspartic and glutamic acids forming respectively the amides asparagine (COOH.CHNH2.CH2.CONH2) and glutamine (COOH.CHNH2.CH2.CH2.CONH2). In the higher plants, then, under normal conditions ammonia-nitrogen can be absorbed as long as the necessary a-ketonic acids, especially oxaloacetic and a-ketoglutaric acids, are present. These are normally produced from breakdown of carbohydrate. In the case of plants with very low carbohydrate reserves, in the dark, when no photosynthesis can take place, ammonia cannot be assimilated unless a carbohydrate (e.g. glucose) is supplied (Prianischnikow 1922; Smirnov 1923) . Plants supplied with nitratenitrogen can accumulate nitrogen as nitrate within the cell, the highly probable eventual reduction to ammonia, before synthesis of amino-acids, only taking place in small quantities as required.
pH O F C U L T U R E F IL T R A T E S AND D R Y W E IG H T O F M Y CELIU M IN C U LTU R ES OF M e TA R R H IZIU M GLUTINOSUM ON M E D IU M
This brief survey of ammonia absorption in higher plants is suggestive. There is every reason to suppose that ammonia absorption in the fungi follows a similar course of condensation with a-ketonic acids produced by carbohydrate breakdown. In fungi, as in most living organisms, considerable possibilities exist for the inter conversion of 3-, 4-and 5-carbon acids (Krebs cycle) and, in the case of fungi, possibilities for formation of these from 2-carbon acids are usually present (Asper gillus niger, for example, can produce citric acid from such 2-carbon acids as acetic and glycollic acids). In most fungi such acids are usually produced, sometimes in great quantity, and from these, by the transformations of the Krebs cycle in the cell, a-ketoglutaric and oxaloacetic acids could be formed. If we assume that Metarrhizium glutinosum is unusual in that it is unable (in the presence of ammonianitrogen) to carry out the process of splitting glucose or other carbohydrates into the necessary 3-or 4-carbon acids in sufficient quantity, then the stimulating effect of adding such acids to ammonia-nitrogen cultures is at once explained. Losses of physiological function of this type are now well known; of interest in this con nexion is the loss by certain X-ray-induced mutants of crassa of the capacity to synthesize certain amino-acids, unless the corresponding a-keto acids are supplied in the medium (Bonner, Tatum & Beadle 1943; Regnery 1944) . In the case of Metarrhizium glutinosum it appears most likely that the block in the chain of breakdown from carbohydrate to the acids of the Krebs cycle is in the step triose-phosphate to pyruvic acid rather than in the step monosaccharide to triose-phosphate. This is supported by the fact that glycerol-ammonia media also require the addition of 3-, 4-or 5-carbon acids for adequate growth of the fungus.
A number of other observations can be accounted for by this hypothesis. It has been found in several experiments, not reported in detail here, that addition of malic or other organic acids to nitrate-nitrogen media does not produce stimulation. Secondly, it has been found that asparagine, aspartic acid, glutamic acid and peptone are excellent nitrogen sources for growth and production of fungistatic culture filtrates, and such media are not appreciably, if at all, improved by the addition of malate. These facts are all in accord with the theory that the organic acids are specifically concerned with ammonia assimilation.
The main weakness of the hypothesis is the total lack of knowledge of the very different paths of metabolism that must be followed when nitrogen is supplied as nitrate. It is generally assumed that nitrate is reduced to nitrite and thence by several stages to ammonia, which is then condensed with a-ketonic acid in the manner already described; but in presence of nitrate-nitrogen apparently M. glutinosum can produce the necessary a-ketonic acids by carbohydrate cleavage. This is not entirely surprising, as it has several times been observed that different breakdown products from carbohydrates are produced if nitrate-nitrogen is replaced by ammonia-nitrogen, and, in this connexion, it is worth noting that Hoagland (1944) has suggested that the oxygen content of nitrate may be of significance in higher plants under conditions of poor aeration.
In M. glutinosum there appears to be a definite antagonism between the nitrate path of nitrogen metabolism and the ammonia path. With nitrate, growth is vigorous; with ammonia-nitrogen, in the absence of organic acids, growth is very poor; if nitrogen is supplied as ammonium nitrate growth is exactly as it would be with any inorganic ammonium salt. Further, if malic acid is added to a nitrate medium no effect can be seen; if added to an ammonium-nitrogen medium great growth stimulation results; if malic acid is added to an ammonium-nitrate medium the same growth stimulation is observed as with ammonium sulphate. In the presence of ammonia-nitrogen then, the nitrate path of metabolism, even when nitrate is present in considerable quantity, is closed.
Types of nitrogen metabolism of fungi M. glutinosum is not unique in assimilating ammonia-nitrogen efficiently only in the presence of certain organic acids. Leonian & Lilly (1940) , Burkholder & McVeigh (1940) and Bernhard & Albrecht (1947) have shown that Phycomyces blakesleeanus similarly cannot utilize inorganic ammonium salts, whereas ammonium salts of certain organic acids are as effective as asparagine as nitrogen sources. The effective acids for P. blakesleeanus are, in the main, the same as those effective for Metarrhizium glutinosum. These authors have suggested no explanation for the stimulating effect, though the data of Bernhard & Albrecht (1947) support our conclusion that it is not the effect of the organic acids on pH drift that is responsible for the growth stimulation. Leonian & Lilly (1940) recognize the synergic relation-ship between the organic acids and ammonium salts, and regard the free carboxyl group, as we have done, to be essential. All the results of these authors can be accounted for by the hypothesis that in Phycomyces as in zium glutinoswn, the power of the fungus to produce 3-, 4-and 5-carbon acids is limited or absent, and that as a consequence assimilation of ammonia by condensa tion with a-keto-acids is correspondingly impeded. It should be noted that Phycomyces differs from Metarrhizium in that it is unable, under any circumstances, to utilize nitrate-nitrogen.
Fungi have been grouped physiologically on the basis of their nitrogen meta bolism by Steinberg (1939) as follows:
(а) those capable of utilizing nitrate, ammonia and organic nitrogen; (б) those capable of utilizing ammonia and organic nitrogen but not nitrate nitrogen;
(c) those capable of utilizing only organic nitrogen. Similar classifications have been developed by Robbins (1937) and by Benecke & Jost (1924) . These types have been considered to have developed by a process of physiological evolution as a result of progressive genetic losses of synthetic function (Knight 1938; Lwoff 1943) . It is now obvious that this method of classification is not adequate. A distinction must be made between those fungi that can use inorganic ammonium salts and those that require the additional presence of organic acids. Further, this classification assumes that fungi which can utilize nitratenitrogen can also utilize inorganic ammonium salts; our experience with M. glutinosum has shown that this is not the case.
The common mould Scopulariopsis brevicaulis is another example logical type. A comparative study of nitrogen metabolism of fungi must be under taken, using a wide range of organisms, before any physiological classification can be confidently developed. E x t r a c t i o n a n d p u r i f i c a t i o n o f g l u t i n o s i n
Methods of extraction
The results of various extraction experiments are shown in table 15. In pre liminary experiments 100 ml. quantities of culture filtrate were extracted by shaking with petrol ether (b.p. 40 to 60° C), ether, chloroform and w-butyl alcohol in separating funnels.
Of these four solvents all except chloroform were effective, but as the watersolubility of ether and w-butyl alcohol would lead to considerable losses of solvent, petrol ether was adopted initially as a method of extraction for large-scale culture. On evaporation of petrol ether extracts to dryness a pale yellow gum with embedded crystalline material was obtained. On dissolving this in a little hot ethyl alcohol a white, microcrystalline solid separated out on cooling; this substance had high antifungal activity and was named glutinosin. A brief chemical and physical characterization of glutinosin has already been published (Brian & McGowan 1946) ; analyses and molecular weight determinations indicate that glutinosin has the molecular formula C48H60O16. On a large scale the petrol ether method of extraction did not show great efficiency; often as much as half the activity remained in the culture filtrate after extraction. As a result of this experience the possibility of extraction with cyclo hexane or benzene was investigated. Extraction with cyclohexane was no better than with petrol ether but benzene was considerably better. On comparing the yields from the same culture filtrate, petrol ether gave 50 mg./l. glutinosin while benzene gave 70 mg./l.
Finally, charcoal treatment of culture filtrates was investigated. It had been found very early in the course of this work that treatment of culture filtrates with 10 g./l. of activated charcoal completely removed all activity. Little activity was recovered from the charcoal by elution with ether, and with ethanol, though all the activity could be recovered, the material was very impure and did not crystallize satisfactorily. It was eventually found that much better results were obtained by elution of the charcoal with hot benzene. For this purpose a Soxhlet apparatus was originally used, but it was later found that the time of extraction could be reduced and better yields obtained by means of a Gallenkamp Universal Extractor. With this apparatus no thimble was used, but a plug of cotton-wool was placed in the base of the extractor and a slurry of charcoal in benzene poured on to the plug. Hot solvent percolates through the carbon back to the distilling flask continuously, 6 hr. extraction being found to be sufficient. The better results thus obtained are considered to be associated with a more even flow of solvent through the carbon as compared with that in a Soxhlet thimble where flow down the axis is probably slow. The carbon-benzene method of extraction gave higher yields of a more pure product than did direct extraction of the culture filtrate with benzene. These constituents are dissolved in rather less than 1 1. of water, adjusted to pH 4-0 with a 50/50 mixture of 5 N-potash and 5isr-ammonia and then made up to 1 1. With this medium, yields of glutinosin of the order of 100 mg./l. can be obtained. Stability of aqueous solutions Before embarking on an investigation of the biological activity of glutinosin it was considered necessary to examine its stability in aqueous solution in relation to pH. Solutions of glutinosin (50/tg./ml.) were made up in Mcllvaine's citric acidphosphate buffers in a range from pH 3-1 to 7-8, stored at 25° C and assayed periodically by the standard Botrytis allii spore germination technique. Results are shown in table 17. The solutions of glutinosin are relatively stable, as fungistatic activity only declines slowly over a period of 3 weeks, unlike viridin (Brian et al. 1946) or gliotoxin (Brian & Hemming 1945) which lose their activity much more rapidly. Except for a suggestion that at pH 3T the decline in activity started less rapidly, there is little indication of any relation between pH and the rate of inacti vation. When similar solutions (in this case lOO/tg./ml.) were autoclaved for 20 min. at 15 lb./sq. in. (see table 18) it became clear that the more acid solutions were most stable. Thus if glutinosin were included in the usual culture media before autoclaving we should expect a loss of about half of the activity during the process of sterilization.
Yields
T a b l e 1 7 . F u n g i s t a t i c a c t i v i t y (b .a . 
Toxicity to fungi
Bata relating to the toxicity of glutinosin to fungi are presented in tables 19 and 20. In table 19 figures for toxicity in agar media are given; in this experiment glutinosin was included in Difco prune agar (pH 5* 5) before autoclaving; the final concentration of glutinosin would then be one-half to one-quarter of that originally added if one takes into account loss due to autoclaving and to gradual loss in activity over the 7 days of the experiment. All fungi grew vigorously on the prune agar without glutinosin except Hydnum coralloides, which showed little growth after 3 days though it was growing well after 7 days. In table 20 results of germina tion tests are given in Czapek-Box medium (pH [4] [5] [6] [7] [8] and Weindling's medium (pH [3] [4] [5] .
Results by the different test methods gave the same general order of suscepti bility for the different fungi though the toxicity as judged by the spore-germination test appears greater than that judged by the agar test. Glutinosin was more toxic in Weindling's medium than in Czapek-Box. The most noticeable feature of these results is the extreme specificity of glutinosin. Some fungi, as, for example, Mucor mucedo, Byssochlamys fulva, Hydnum coralloides, Penicillium digitatum and Phoma betae, were completely inhibited by 5//g./ml. in agar, whereas under similar conditions such fungi as Syncephalastrum racemosum, Gibberella saubinetti, Metarrhizium glutinosum and Trichoderma viride were not at all inhibited by lOOyg./ml. The high resistance to glutinosin of Fusarium graminearum in spore-germination tests previously published (Brian & McGowan 1946) has not been confirmed, though this fungus is moderately resistant in the agar tests reported here. The very great differences between the susceptibility of related species were most remarkable; examples are Mucor mucedo and M. erectus or Penicillium digitatum and P. expansum. Toxicity to bacteria Metarrhizium glutinosum culture filtrates (table 1) showed little, if any, anti bacterial activity, and pure glutinosin has been found to be similarly inactive. The limit of solubility of glutinosin in nutrient broth is near 50//g./ml., and at that concentration growth of the following organisms was not prevented: Bacillus brevis, B. mycoides, B. m e s e n t e r i c u s , B. subtilis, Escherichia coli, lysodeikticus, Salmonella typhi and Staphylococcus aureus lactis aerogenes and one strain of Staphylococcus aureus were inhibited by 50//g./ml. but not by 25//g./ml. of glutinosin.
A D ER M A T IT IC SU BSTA N C E P R O D U C E D BY M E T A R R H IZ IU M GLUTINOSUM
After handling the first large batches of culture filtrates from this organism the writers and a number of assistants developed a severe facial inflammation. This developed some 24 to 48 hr. after handling the culture filtrate. The inflammation took the form of a purplish red rash with raised weals. The eyelids were very pain fully affected, being inflamed and swollen. The inflammation died down after 3 or 4 days except on the eyelids, which remained very painful for several days longer. Finally, the skin on the eyelids, lips and most of the face peeled off. No after effects were noticed.
Similar symptoms have been observed from time to time under conditions where there was no possibility of any culture filtrate coming into contact with the face; the responsible agent is therefore volatile. By taking care to handle all culture filtrates in a well-ventilated room and by liberal use of barrier creams, it has been possible to avoid any further severe facial dermatitis.
On one occasion one of us (H.G.H.), after sucking up a culture filtrate in a pipette, developed a severe pharyngitis without any sign of actual infection. Another of us (P.W.B.), after smelling a concentrate (see below), developed a painful nasal catarrh with slight haemorrhage.
It has been demonstrated that the inflammation is not an infection by the fungus. If small filter-paper disks are soaked in culture filtrate and strapped to the inner surface of the forearm, a severe inflammation, not unlike a third-degree burn, develops in 24 to 48 hr. The inflammation disappears after a week or so, but a pigmentation of the skin develops and persists for much longer. Similar effects are produced by ether, petrol ether, benzene or w-butyl alcohol extracts from the culture filtrate. Thus in the normal process of extraction of glutinosin the dermatitic substance is also extracted and concentrated. It has been established that pure glutinosin is not dermatitic.
It is therefore clearly established that M glutinosu course of metabolism, a volatile dermatitic substance, soluble in water but more soluble in various organic solvents, and that this substance is distinct from glutinosin.
Only one other record of a substance with similar properties being produced by a fungus can be traced, and that is for the fungus alternans Borod. by a number of Russian workers (Drobotko 1945; Moseliani 1940; Salikov 1940; Vertinsky 1940 ). This fungus is associated with a disease of horses, known as stachybotryotoxicosis, caused by eating mouldy hay infected with the fungus. The disease is characterized by catarrh with haemorrhage and ulceration of the mucosae of the mouth, nose and throat, followed, when the disease persists, by fever, staggering gait and death. At autopsy, a fatal case usually shows a general haemorrhagic gastro-enteritis with widespread haemorrhage in the lymphatic glands, spleen and other organs. It was shown that the disease could be produced by feeding animals on agar cultures of St. alternans, and that ether extracts of the fungus or of culture media on which it had grown produced effects on human volunteers very similar to those produced by the Metarrhizium dermatitic product.
Cultures of several strains of Stachybotrys atra and Memnoniella echinata, considered by Bisby (1943) to be synonymous with Stachybotrys alternans, have failed in our experience to produce any dermatitic material.
We are indebted to Miss V. J. Spence and Miss S. E. Curran for assistance with the numerous bio-assays involved in this work, and to Mr G. W. Elson for assistance with the preparation of pure glutinosin.
